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Center for Membrane Biology and Department of Molecular Physiology and Biological Physics, University of Virginia, Charlottesville, VirginiaABSTRACT Single-vesicle fusion assays in vitro are useful tools for examining mechanisms of membrane fusion at the
molecular level mediated by soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNAREs). This approach
allows the experimentalist to define the lipid and protein composition of the two fusing membranes and perform experiments
under highly controlled conditions. In previous experiments, in which we reconstituted a SNARE acceptor complex into
supported membranes and observed the docking and fusion of fluorescently labeled synaptobrevin proteoliposomes by total
internal reflection fluorescence microscopy with millisecond time resolution, we were able to determine the optimal number of
SNARE complexes needed for fast fusion. Here, we utilize this assay in combination with polarized total internal reflection fluo-
rescence microscopy to investigate topology changes that vesicles undergo after the onset of fusion. The theory that describes
the fluorescence intensity during the transformation of a single vesicle from a spherical particle to a flat membrane patch is devel-
oped and confirmed by experiments with three different fluorescent probes. Our results show that on average, the fusing vesicles
flatten and merge into the planar membrane within 8 ms after fusion starts.INTRODUCTIONBiological membranes create multiple compartments within
cells. Information exchange between compartments occurs
by vesicular carriers that fuse their membranes with speci-
fied target membranes. One of the most prominent, highly
regulated fusion reactions happens during synaptic trans-
mission when neurotransmitter-loaded vesicles fuse with
the plasma membranes of neurons as a result of an incoming
action potential. The depolarization of the presynaptic
membrane leads to an opening of Ca2þ channels and the
influx of Ca2þ ions into the cell triggers the fusion of primed
synaptic vesicles. This response to calcium happens in
<1 ms. A number of proteins, the soluble N-ethylmalei-
mide-sensitive factor (NSF), soluble NSF attachment
proteins (SNAPs), and the SNAP receptors (SNAREs) syn-
taxin1A (Syx1A), SNAP25, and synaptobrevin2 (Syb2),
have been identified as part of the neuronal fusion and
disassembly machinery. Proteins such as the Ca2þ sensor
synaptotagmin, complexin, Sec1/Munc18 homologs (SM
proteins), Munc13, and synaptophysin are involved in regu-
lating the fusion process and Rab GTPases function as
upstream tethering factors (1–3).
Early on, in vitro reconstitution experiments have played
an essential role in a large body of research on SNARE-
mediated membrane fusion. SNARE proteins have been
hypothesized as constituting the minimal machinery and
source of energy for membrane fusion. This hypothesis
was derived from results of experiments with proteolipo-
somes that contained purified SNARE proteins (4). In this
assay, liposomes containing Syx1A/SNAP25 were able toSubmitted August 25, 2010, and accepted for publication October 15, 2010.
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fusion reaction was very slow (~1 h). It has been shown that
the fusion rate in liposome assays could be increased
dramatically (~1 min) by using a SNARE acceptor complex
consisting of one Syx1A, one SNAP25, and a short Syb2
fragment (Syb49–96) to ensure a 1:1 stoichiometry between
Syx1A and SNAP25 (5). However, even this assay cannot
overcome the limitations of its ensemble nature, and the
observed reaction seems slow compared to the requirements
for efficient synaptic signal transduction. This is mostly due
to the fact that fusion is not synchronized between the lipo-
somes and to the time it takes for liposomes to diffuse to and
dock with each other.
More recently, single-vesicle assays have been developed
(6–9) that use planar supported membranes (10,11) in
combination with total internal reflection fluorescence
microscopy (TIRFM). In all of these experiments, the sup-
ported membrane mimics the plasma membrane and
contains either Syx1A or Syx1A and SNAP25. Single fluo-
rescently labeled liposomes with reconstituted Syb2 can be
observed as soon as they are close to the membrane and the
fluorophore in the vesicle membrane gets excited by the
evanescent field of the totally reflected laser light. Fast
imaging allows separation of docking and fusion reactions
with high time resolution, thereby overcoming the limita-
tions of the ensemble liposome assays.
We have recently shown that we could reproduce the
known biochemistry of in vitro SNARE fusion in POPC/
Chol (4:1) supported membranes that contained a physiolog-
ical concentration of the Syx1A/SNAP25/Syb49-96 acceptor
complex (9). By observing more than 1000 single fusion
events with 4-ms time resolution, we gained insights into
the kinetics of vesicle fusion. The observed fusion was fast
(t1/2z 18 ms) and consisted of multiple steps that could bedoi: 10.1016/j.bpj.2010.10.022
FIGURE 1 Polarized TIRFM. A p- or s-polarized laser beam is coupled
through a quartz prism to a quartz slide and totally reflected at the quartz/
4048 Kiessling et al.interpreted as eight parallel reactions, each requiring ~8 ms.
Subsequentwork showed that the number of parallel reactions
in this assay depends quite critically on the lipid environment
and can be reduced to three under some conditions (12).
In addition to the kinetics, we can extract information
about the topology changes of the vesicle membrane that
happen during the fusion reaction when we utilize polarized
TIRFM(pTIRFM). Several published experimental and theo-
retical approaches to pTIRF applications have used different
optical setups and parameters applied to a variety of biolog-
ical samples and questions. Sund et al. have shown that the
orientation of cell membranes can be determined by pTIRFM
(13), and thismethod has been usedmore recently to examine
topological changes in the plasmamembrane upon exocytosis
(14). In the latterwork,Anantharamet al. (14) used objective-
type TIRFM to observe the topological changes at the fusion
site upon fusion of single granules with the DiI-labeled
plasmamembrane of chromaffin cells. By taking consecutive
images while rapidly alternating the exciting laser between
p- and s-polarization and using appropriate theoretical
expressions it was possible to overcome the challenge of
studying (inhomogeneously) labeled cell membranes. Oreo-
poulos et al. also used p-polarized and s-polarized excitation
light on an objective-type TIRF microscope to acquire order
parameter images of phase-separated supported membranes
(15). A nonimaging approach was used by Thompson et al.
to measure order parameters in lipid monolayers (16) on a
prism-type TIRFM setup. In their measurements, the fluores-
cence from a lipidmonolayer was recorded at different polar-
ization angles of the exciting laser light.
In this work, we examine how fast the topology of recon-
stituted Syb2 vesicles changes upon SNARE-dependent
fusion with supported membranes. We first extend the
theory of Sund et al. (13) to compute the fluorescence inten-
sity changes that are expected when a vesicle becomes a flat
part of the supported membrane. This theory is well suited
for our assay, in which we record homogenously-labeled
fast-fusing vesicles. The theoretical prediction is then com-
pared with data from single-vesicle fusion events observed
when either s- or p-polarized laser light was used as an
excitation source in a prism-type TIRF microscope. An
alternative approach would be to rapidly alternate between
the two polarization states (14). Although this would allow
us to better characterize membrane shape changes during
individual fusion events, the high time resolution necessary
to observe the fast fusion events could not be achieved. We
take advantage of the fact that our in vitro assay allows us to
incorporate specific lipids into the vesicles and compare
results obtained with the labeled lipids Rh-DOPE,
NBD-DPPE, and Bodipy-PC.water interface. The quartz slide supports an acceptor SNARE complex
containing planar membrane. Synaptobrevin containing fluorescently
labeled vesicles can be visualized as soon as they get into the proximity
of the supported bilayer within the exponentially decaying evanescent field.
The fluorescence is collected by a water immersion objective of an inverted
microscope from underneath. System components are not drawn to scale.THEORY
The aim of the following calculation is to evaluate the change
of total observed fluorescence during the transition of theBiophysical Journal 99(12) 4047–4055membrane from a spherical geometry (vesicle) to a planar
membrane (patch) for s- and p-polarized incident laser light.
The basic configuration (Fig. 1) consists of a prism-type
TIRFM set-up, in which the incident angle of the beam is
fixed and the fluorescence is collected by the objective of an
inverted microscope. We assume that the dye is homoge-
nously distributed in the area in each of the geometries and
neglect any dequenching effects that might happen when
the label concentration decreases as a result of diffusion
into the planar membrane. The computation consists of a
numerical integration of the fluorescence intensity per area
fraction over the whole membrane surface. The fluorescence
intensity of each area fraction depends on the membrane
orientation relative to the optical axis. Although this is
constant for the planar membrane, it changes over the spher-
ical surface. To calculate the intensity contribution of a certain
area fraction, we follow the theory of Sund et al. (13).Geometry
Two sets of coordinates are introduced:
1. The lab frame (coordinates x, y, and z), with an orienta-
tion that is fixed to the optical system and the planar
membrane. The z-axis is normal to the substrate and
the x-axis is in the plane of incidence formed by the
incoming and reflected laser beam.
2. The membrane frame (coordinates x0, y0, and z0), with
variable orientation according to the local membrane
inclination on the vesicle surface. The z0-axis is normal
to the local membrane surface and the x0-axis lies in
the z-z0 plane.
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lab’s z-axis by the polar angle q and the azimuthal angle f
(relative to the x-axis). These two angles can also be regarded
as the angular spherical coordinates that describe each point
on the vesicle surface. The transition dipoles (for absorption
and emission) of the fluorophores have specific orientations
relative to the membrane normal, described by the two char-
acteristic angles q0 and f0. In general, the dipole orientations
for absorption and emission can be different. As a first
approximation, we use the same dipole orientation for
absorption and emission for the following calculation.
Considering the relative orientation of the membrane, the
dipole moment, i.e., the unit amplitude vector of the dipole,
can be expressed in Cartesian coordinates asm! ¼
0
@mxmy
mz
1
A ¼
0
@ cosqcosfsinq0cosf0  sinfsinq0sinf0 þ sinqcosfcosq0cosqsinfsinq0cosf0 þ cosfsinq0sinf0 þ sinqsinfcosq0
sinqsinq0cosf0 þ cosqcosq0
1
A (1)Excitation
The excitation probability is proportional to j~m~Ej2, where
~m can be described by Eq.1 and~E is the electric vector of the
evanescent field. The field vector for the two polarization
cases (s-pol and p-pol) originating from an incident beam
of wavelength l0 under angle qi can be calculated by (17)
~ESðzÞ ¼ 2cosqi

1 b21=2eids ez=2dby (2a)
~EPðzÞ ¼ 2cosqi

b4cos2qi þ sin2qi  b2
1=2
eidpez=2d

h
 isin2qi  b21=2bx þ sinqibzi;
(2b)
where bhnwater=nglass is the ratio of the refractive indices,
dp and ds are the phase lags relative to the incident light,and d ¼ l0
4pnglass
ðsin2qi  b2Þ1=2 is the characteristic penetra-
tion depth of the evanescent field. The linear polarized
evanescent field of Eq. 2a and the elliptic polarized evanes-
cent field of Eq. 2b are sketched in Fig. 2, A and B,
respectively.Emission of single dipole
The observed fluorescence of a single dipole is proportional
to the product of the emission probability and the excitation
probability. In addition, we have to take into account the
rotational diffusion of the dye that might change the dipole
orientation in the time between absorption and excitation of
a photon.The probability of observing the emitted light of a single
dipole depends on the numerical aperture of the objective
and the emission pattern of the dipole. This pattern is altered
from the usual sin2 emission pattern of an isolated dipole by
the closeness of the water/glass interface (18). We follow the
calculation described in great detail in Hellen and Axelrod
(18) to get the function P2 (~m bz; zÞ; that describes the
probability of observing the emission of an excited dipole
oriented with angles q;f; q0;f0gf and located at a distance
z from the water/glass interface.
The dye-labeled lipids undergo rotational diffusion.
Therefore, the orientation of the dipole changes during the
lifetime of the excited state of the fluorophore. We approx-
imate this influence by changing the azimuthal angle of
emission by Dt, the mean-squared angle change during
the fluorescence lifetime of the fluorophore caused by rota-
tional diffusion with a diffusion coefficient D.FIGURE 2 Polarization of the evanescent field
and fluorescence intensity maps of the vesicle
surface. An s-polarized incident laser beam creates
a linear polarized evanescent field with the electric
vector pointing along the y axis (A), whereas a
p-polarized incident laser beam creates an ellip-
tical polarized evanescent field with the main
component of the electric vector pointing parallel
to the z-axis and the minor component pointing
along the x-axis (B). (C and D) Color-coded sinu-
soidal projections of the vesicle surface for s-polar-
ized (C) and p-polarized (D) excitation. The gray
scales (black/dark for low intensity to white for
high intensity) represents the fluorescence inten-
sity originating from a specific location of the
vesicle surface. The horizontal line at the top
(white for s-polarization (C) and dark orange for
p-polarization (D)) represents the supported
membrane.
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The total contribution to the observed fluorescence from one
location in the membrane is calculated by integrating over
all azimuthal dipole angles, f0
0, at the time of excitation
(all constants that are the same for s- and p-polarization
are suppressed):
FS;Pðq;f; zÞ ¼
Z2p
0
j~mðq; q0;f;f00Þ  ~ES;PðzÞj2
 P2

~m  bz; zdf00:
(3)
Integration over membrane surface
The total intensity originating from one vesicle of radius RV
is obtained by integrating over all membrane orientations of
a sphere:
FVesicleS;P ¼
Zp
0
Z2p
0
FS;Pðq;f; z0 þ RVð1þ cosqÞÞR2Vdfsinqdq: (4)
A circular patch, which covers the same area as the spher-
ical vesicle, has the radius 2RV. The total intensity of the
patch is simply:
FPatchS;P ¼ pð2RVÞ2FS;Pðz0Þ: (5)
Calculation
For numerical calculations, we make these approximations:
1), The polar angles of the excitation and emission dipoles
are the same and are represented by a single value, which
means we neglect any wobbling motion of the dipole relative
to the bilayer normal. 2), The rotational diffusion is included
by its mean angle change during the fluorescence lifetime of
the fluorophore. A comparison between this simplification
and the full theory (19) reveals that the relative errors of
the approximation lie between 0.5 and 1.0% (see the Support-
ing Material). 3), Both leaflets of the lipid bilayer are labeled
and are approximated by one layer. Therefore, we assume
this layer to be at a distance from the quartz, which is the
sum of a water layer thickness of 2 nm (20,21) plus half the
typical thickness of a lipid membrane, i.e., 2 nm. 4), Excita-
tion and emission are monochromatic.
The following numerical parameters were used for all
calculations: incidence TIR angle, qi¼ 72; numerical aper-
ture, N.A. ¼ 0.95; refractive indices for water, nwater ¼1.33,
and glass, nglass ¼ 1.46; and wavelengths of excitation,
lex ¼ 514 nm, and emission, lem ¼ 600 nm.
MATERIALS AND METHODS
Materials
The following materials were purchased and used without further purifica-
tion: 1-palmitoyl-2-oleoyl phosphatidylcholine (POPC), lissamine-rhoda-Biophysical Journal 99(12) 4047–4055mine-B-DOPE (Rh-DOPE), 1,2-dipalmitoyl phosphatidylethanolamine-N-
[7-nitro-2-1,3-benzoxadiazol-4-yl] (NBD-DPPE) (Avanti Polar Lipids,
Alabaster, AL); 2-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-inda-
cene-3-pentanoyl)-1-hexadecanoyl-sn-glycero-3-phosphocholine (Bodipy-
PC) (Molecular Probes, Eugene, OR); cholesterol, sodium cholate, and
glycerol (Sigma Chemical, St. Louis, MO); CHAPS (Anatrace); HEPES,
KCl (Research Products International, Mt. Prospect, IL); chloroform,
ethanol, contrad detergent, all inorganic acids, bases, and hydrogen
peroxide (Fisher Scientific, Fair Lawn, NJ). Water was purified first with de-
ionizing and organic-free 4 filters (Virginia Water Systems, Richmond, VA)
and then with a NANOpure system from Barnstead (Dubuque, IA) to
achieve a resistivity of 18.2 M/cm.
Protein expression and purification
SNARE proteins from Rattus norvegicus cloned in pET28a vector were
expressed in BL21(DE3) E. coli and purified as described previously
(22,23). The cysteine-free variant of SNAP25A consisted of residues
1–206, and Syb2 constructs included residues 49–96 or 1–117 with
C-terminal cysteine (Cys117). The acceptor SNARE complex (containing
Syx1A, SNAP25, and Syb49–96) was purified from BL21(DE3) expressing
all three proteins, using the pET28a vector for SNAP25A and the pETDuet-
1 vector for SyxH3 and Syb49–96. The complex and full-length Syb2 were
purified by Ni2þ-NTA affinity chromatography followed by ion exchange
chromatography using MonoQ or MonoS columns in the presence of
15 mM CHAPS (24).
SNARE reconstitution into proteoliposomes
Syb2 and acceptor SNARE complex were reconstituted into POPC/Chol
(4:1) vesicles by rapid dilution of micellar protein/lipid/detergent mixtures
followed by dialysis, as described previously (25). This method results in
unilamellar vesicles with diameters between 40 and 50 nm as determined
by dynamic light scattering. Briefly, the desired lipids (including 1 mol
% fluorescent probes for Syb2 vesicles) were mixed and organic solvents
were evaporated under a stream of N2 gas followed by vacuum for at least
1 h. The dried lipid films were dissolved with 25 mM sodium cholate in
reconstitution buffer (RB; 20 mM Hepes and 200 mM KCl, pH 7.4)
followed by the addition of an appropriate volume of SNARE proteins to
reach a final volume of ~180 ml and the desired protein:lipid ratio. After
1 h of equilibration at room temperature, the mixture was diluted below
the critical micellar concentration by adding more RB buffer to a final
volume of 550 ml and the sample was dialyzed overnight against 500 ml
of RB at 4C with one change of buffer.
SNARE reconstitution into planar supported
bilayers
Planar supported bilayers with reconstituted SNAREs were prepared by
a combined Langmuir-Blodgett/vesicle fusion technique, as previously
described (25–27). Briefly, quartz slides were cleaned by boiling in Contrad
detergent for 10 min, hot-bath-sonicated while still in detergent for 30 min,
and finally rinsed extensively with milliQ water. The slides were then
immersed in 3:1 95% H2SO4/30% H2O2 (v/v) followed by extensive rinsing
in milliQ water. Immediately before use, slides were further cleaned for
10 min in an argon plasma sterilizer (Harrick Scientific, Ossining, NY).
The first leaflet of the bilayer was prepared by Langmuir-Blodgett transfer.
To do so, a lipid monolayer was spread from a chloroform solution onto
a pure water surface in a Nima 611 Langmuir-Blodgett trough (Nima, Con-
ventry, United Kingdom). The solvent was allowed to evaporate for 10 min
before the monolayer was compressed at a rate of 10 cm2/min to reach
a surface pressure of 32 mN/m. After equilibration for 5–10 min, a clean
quartz slide was rapidly (200 mm/min) dipped into the trough and slowly
(5 mm/min) withdrawn, with simultaneous computer maintenance of
constant surface pressure and monitoring of the transfer of lipid headgroups
down onto the hydrophilic substrate.
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vesicles (77 mM total lipid in 1.3 ml, which is a little more than the volume
of the holding cell) was added and incubated at room temperature for 2 h.
Excess unfused vesicles were then removed by perfusion with 10 ml RB.
TIRFM
All experiments were carried out on a Zeiss Axiovert 35 fluorescence micro-
scope (Carl Zeiss, Thornwood, NY), equipped with a 63 water immersion
objective (Zeiss; N.A. ¼ 0.95) and prism-based TIRF illumination with
characteristic penetration depth dpz 103 nm. The light sourcewas an argon
ion laser (Innova 300C, Coherent, Palo Alto, CA) emitting p-polarized light
at 514 nm. For experimentswith s-polarized excitation light, a l/2wave plate
(05RP22-01, Newport, Irvine, CA)was inserted into the beam path. Fluores-
cence was observed through a 610-nm bandpass filter (D610/60, Chroma,
Brattleboro, VT) by an electron multiplying CCD (DU-860E, Andor-
Technologies, CT). The EMCCD was cooled to 70C and the gain was
typically set to an electron gain factor of ~200. The prism/quartz interface
was lubricated with glycerol to allow easy translocation of the sample cell
on themicroscope stage. The beamwas totally internally reflected at an angle
of 72 from the surface normal. An elliptical area of 250 mm  65 mm was
illuminated. The intensity of the laser beam was computer-controlled
through an acoustooptic modulator (AOM-40, IntraAction, Bellwood, IL)
or could be blocked entirely by a computer-controlled shutter. The laser
intensity, shutter, and camera were controlled by a homemade program
written in LabVIEW (National Instruments, Austin, TX).
Single-vesicle fusion assay
Supported bilayers containing acceptor SNAREcomplexwere perfusedwith
3 ml of 0.6 mMSyb2 vesicles containing 1 mol % labeled lipids (Rh-DOPE,
NBD-DPPE, or Bodipy-PC) mixed with 3.3 mM protein-free vesicles in RB
on themicroscope stage (concentration refers to total lipid). Data acquisition
was started ~1 min after the beginning of vesicle injection. Images of
127  127 pixel2 (corresponding to a sample area of 46.7  46.7 mm2)
were acquired with an exposure time of 4 ms and a cycle time of 4.01 ms
in series of 15,000 images in frame-transfer mode and spooled directly
from theCCDcamera to the hard drive. Fromone supportedmembrane prep-
aration, we collected three to five series for each (p and s) polarization.
Analysis of single-vesicle fusion
Images were analyzed using a homemade program written in LabView
(National Instruments). First, the whole stack of images was filtered by
amoving average filter. The intensitymaximumfor each pixel over thewhole
stack was projected on a single image. Vesicles were located in this image by
a single-particle detection algorithm described previously (28). The peak
(central pixel) and mean fluorescence intensities of a 5  5-pixel2 area
around each identified center of mass were plotted as a function of time
for all particles in the 15,000 images of each series. The exact time points
of docking and fusion were determined from the central pixel (9), whereas
the mean fluorescence was used to evaluate the topology changes.
Calculations
All numerical calculations were run by a custom-made program written
in LabView (National Instruments) on standard Windows-based PCs
(Microsoft, Redmond, WA).
RESULTS
Calculationoffluorescence intensities fromplanar
and spherical membrane in the evanescent field
Fluorescence intensity maps for the supported membrane
and the surface of adhering vesicles (radius, 24 nm) werecalculated as outlined in the Theory section. For most of
the experiments in our previous work and below, we utilized
Rh-DOPE as the fluorophore. For the calculation, we
therefore used a polar dipole angle of 68 as determined
by fluorescence interference contrast microscopy (FLIC)
for Rh-DOPE in fluid-phase supported bilayers (29) and
a mean-squared angle change due to rotational diffusion
of 0.21 rad2 (30). Results for s- and p-polarized excitation
light are shown as sinusoidal projections in Fig. 2, C and
D, respectively, using the same relative scale. The intensity
of the supported membrane is represented by the horizontal
line at the top of the map. The sketches in Fig. 2, A and B,
illustrate the polarization of the evanescent field in the s- and
p-polarization cases, respectively. The dipole angle of
Rh-DOPE results in strong excitation probabilities in the
polar regions for s-polarized light and in the equator region
for p-polarized light. Due to the linear polarization parallel
to the quartz surface of the evanescent field for s-excitation,
the intensity map shows a strong dependency on the longi-
tudes. Areas parallel to the plane of incidence show only
minor contributions to the whole fluorescence intensity. In
contrast, for p-excitation, most of the surface contributes
strongly to the total fluorescence, whereas the modulation
along the longitudes caused by the elliptical polarization
of the evanescent field is weak. As a result, we expect an
increase of intensity for s-polarized light and a decrease
for p-polarized light when the spherical vesicle becomes
a planar patch of membrane.
We also calculated the ratio of the total intensity from
a membrane patch to the intensity of a vesicle of the same
surface area and positioned at zero distance from the planar
membrane. This procedure normalizes the data and thereby
avoids the use of absolute intensities, which would be higher
for s-polarized than for p-polarized light. Fig. 3 B shows the
results for s- and p-polarized light for dipole orientations
between 0 and 90. For p-polarized light, we expect
a higher intensity from the patch than from the vesicle for
dipole orientations up to ~65. Between 65 and 90, the
fluorescence becomes darker after the transition to a planar
membrane. For s-polarized excitation, the fluorescence
disappears in the planar membrane for dipoles oriented
perpendicular to the membrane surface. It increases as the
dipole becomes more tilted toward the surface, surpassing
the vesicle intensity at ~55 and having its maximum at
90. In addition to the patch/vesicle ratio, we calculated
a hypothetical intermediate state consisting of half a vesicle
surrounded by a planar membrane ring of half the original
vesicle area (Fig. 3 A, ii). The ratios of intensity of this
dome to that of the original vesicle are shown as dotted lines
in Fig. 3 B. These lines are approximately halfway between
the patch/vesicle ratios and the horizontal line drawn at 1.0.
We were also interested in the influence of the vesicle size
on the expected intensity change during fusion. In Fig. S1
in the Supporting Material, we compare calculated intensity
ratios for vesicles with radii of 24, 50, and 100 nm. ForBiophysical Journal 99(12) 4047–4055
FIGURE 3 Theoretical and experimental intensity changes of
membranes in p- and s-polarized evanescent fields after topology changes.
Geometries used for the calculations are a spherical vesicle touching the
supported membrane (A i), a fused vesicle with half the membrane surface
in the plane of the supported membrane and the other half forming a half-
sphere (A ii), and a planar circular membrane patch (A iii). (B) Ratios of
integrated intensities originating from a membrane patch (A iii) to those
originating from a vesicle of the same surface (A i) (solid lines) and of
intensities originating from a hypothetical intermediate state (A ii) to those
from the original state (A i) (dotted lines) for p-polarization (marked p) and
s-polarization (marked s) for polar dipole angles between 0 and 90.
Experimentally determined intensity changes 4 ms after the onset of fusion
are added for three different dipole angles: 48 (Bodipy-PC (A)), 55
(NBD-DPPE (:)), and 68 (Rh-DOPE (-)).
FIGURE 4 Examples of single docking and fusion events. Mean
Rh-DOPE fluorescence intensities from single vesicles observed under
s-polarized excitation (A) and p-polarized excitation (B) are plotted as
a function of time. The intensities were extracted from 5  5-pixel2 areas
around the vesicle. Time zero represents the time point at which the vesicles
docked to the supported membrane. It is characterized by a sharp increase
of the mean intensity in both cases. The onset of fusion is characterized by
a second sharp increase in intensity for s-polarized excitation (A) and by
a sharp drop in intensity for p-polarized excitation (B) (arrows in insets).
4052 Kiessling et al.dipole angles, for which the fluorescence intensity increases
during the transition from spherical to patch geometry
(smaller angles for p-pol and larger angles for s-pol), the
increase is stronger for larger vesicles.Experimental results
Fusion experiments of Syb2 vesicles with acceptor SNARE
complex-containing planar membranes were performed as
described in detail in Domanska et al. (9). Fifteen thousand
images were spooled to the hard drive of the computer in
~1 min with or without a l/2 plate inserted into the excita-
tion beam path. With this configuration we recorded at least
six image sequences, three for each polarization, from
a single supported membrane. Fusion events were recog-
nized by their specific intensity pattern over time after the
mean intensity of a 5  5 pixel2 area around a docked
vesicle was extracted. Fig. 4 shows two examples of fusion
reactions that were recorded with s-polarized (Fig. 4 A) andBiophysical Journal 99(12) 4047–4055p-polarized (Fig. 4 B) excitation laser light. The onset of
fusion is characterized by a sharp increase in intensity in
the s-pol case (~330 ms after docking (Fig. 4 A, inset))
and a sharp decrease in intensity in the p-pol case
(~120 ms after docking (Fig. 4 B, inset)).
To find out how much the intensity changed in the first
4 ms during fusion, we measured the last mean intensity
of the docked vesicle and the first intensity recorded after
that. From a total of 90 fusion events, the mean ratio of
the first time point after fusion to the last point before fusion
was 1.45 5 0.28 (n ¼ 59) for s-polarized excitation and
0.79 5 0.14 (n ¼ 31) for p-polarized excitation. These
results are shown as data points for a dipole orientation of
68 (29) in Fig. 3. The mean values are very close to the
theoretical curve that would be expected if the vesicle had
already become a flat membrane, although the error bars
overlap with the theory curve for a vesicle that has collapsed
only to a half sphere. The uncertainty about the dipole
orientation is acknowledged with error bars of 52 along
the x-axis.
To see whether the shape of the fused vesicle changes
further, we normalized the intensity of 107 traces to the
Vesicle Fusion by Polarized TIRFM 4053last point before fusion and averaged them for the two polar-
ization cases. Averaged traces that cover the time between
8 ms before and 32 ms after the onset of fusion are shown
in Fig. 5. During the first 32 ms of fusion, we can neglect
the depletion of labeled lipids in the region of interest due
to the diffusion into the planar membrane (see online
supplement for our previous article (9)). The averaged inten-
sities for both s-pol and p-pol reach a steady state within
8 ms, which is slightly higher (s-pol) and lower (p-pol)
than the predicted values for a transformation from spherical
shape to flat membrane. The slight deviation from the
prediction is most likely due to some systematic errors in
the dipole orientations that we used in the calculation.
Cholesterol in the membranes tends to lead to larger dipole
angles (29) and therefore to higher (s-pol) or lower (p-pol)
patch/vesicle intensity ratios (see Fig. 3).
To further test the concept of these measurements, we
replaced Rh-DOPE in the Syb2 vesicles with NBD-DPPE
or Bodipy-PC that have dipole angles of 55 (29) and 48
(31) relative to the membrane normal in fluid-phase sup-
ported bilayers. For these experiments, the excitation wave-
length was switched to 488 nm and the fluorescence was
observed at ~535 nm. As shown in Fig. S2, this spectral
change has only a minor effect on the theoretical curves
of Fig. 3. We also neglect a potential change in rotational
diffusion. Fig. S3 shows how the theory curves would
change if the mean (azimuthal) angle changed between
0 and 90 within the lifetime of the fluorophore. The total
range of the alteration for these extreme values is small for
s-polarized excitation and within the error bars of theFIGURE 5 Averaged normalized intensities for the first 32 ms after
fusion. One hundred mean Rh-DOPE fluorescence intensity traces recorded
with s-polarized (marked s) and p-polarized (marked p) excitation were
normalized to the last time point before fusion and averaged. Two time
points before and 32 ms after fusion are shown as a function of time. The
horizontal lines represent the calculated intensity changes expected if
a vesicle containing a fluorophore with a polar angle of 68 becomes a
flat membrane patch (solid line) or a half-sphere surrounded by a flat ring
(dotted line).measured values for the p-polarized case. For simplicity,
we only compare the mean intensity change within the first
4 ms upon fusion for s- and p-polarized excitation with the
theoretical curve in Fig. 3. As expected, the fluorescence
change upon fusion for NBD-DPPE and Bodipy-PC is
reversed when compared to Rh-DOPE. We observe an
increase of fluorescence for p-polarized light and a decrease
of fluorescence for s-polarized light (Fig. 3). The NBD-
DPPE data have larger error bars, because the relatively
small change of fluorescence makes it more difficult to
determine the exact time point at which fusion starts. The
intensity changes for Bodipy-PC are larger, providing us a
dynamic range measurement similar to that of Rh-DOPE.
Analogous to the data shown in Fig. 5, we averaged 50
intensity traces recorded with Bodipy-PC in the range of
8 ms before to 32 ms after fusion occurs. Although we
observe decreasing intensities for both p- and s-polarized
excitation ~10 ms after fusion due to photobleaching, the
results shown in Fig. S4 confirm the Rh-DOPE results,
namely that the vesicles collapse into the supported
membrane within 8 ms.DISCUSSION
We utilized polarized TIRFM to investigate the topological
changes that occur upon fusion of synaptobrevin-containing
vesicles with acceptor SNARE complex-containing sup-
ported membranes. Fluorescence changes after the onset
of fusion were compared to the theory that was developed
for the specific conditions of our set-up. Due to low photo-
bleaching and the relatively high dynamic range of the
expected intensity change, Rh-DOPE was the preferred
fluorescent lipid probe in these measurements. On average,
the vesicles collapsed into the planar membrane within
8 ms. After 4 ms they were already at or past the stage
of a half-sphere with an expanded fusion pore.
The dynamics of this synthetic system containing recon-
stituted proteins is much faster than the topological changes
that were detected on secretory granules in chromaffin cells,
where the flattening of the membrane took place in tenths of
seconds (14). There are several major differences between
the two systems that could be responsible for the different
timescales of vesicle flattening: 1), secretory granules
have radii of ~175 nm (32) compared to ~24 nm of our re-
constituted vesicles (9), which are similar in size to synaptic
vesicles (33); 2), the plasma membrane is more heteroge-
neous and crowded with a large variety of lipids and proteins
compared to the relatively simple structure of the planar
membrane used in this study; 3), the fusion site/pore itself
has likely a more complex structure and may be surrounded
by scaffold proteins in native membranes, which could slow
down the relaxation of the curved vesicle membrane; and 4),
secretory granules are filled with a dense array of proteins,
which must exit through the fusion pore after fusion,
possibly further slowing the flattening of fusing vesicles.Biophysical Journal 99(12) 4047–4055
4054 Kiessling et al.The simple fusion machinery in our reconstituted system
consists only of the SNARE acceptor complex and the
vesicle SNARE Syb2. So far, regulatory proteins like the
Sec1/Munc18 homologs, Munc13 or the Ca2þ sensor synap-
totagmin among others are missing in this assay (1–3).
These proteins, as well as differences in membrane tension
in different systems, could also influence the speed and
topology changes of fusion. Although the flat membrane
might accelerate fusion in the planar system, overcoming
curvature inhibition in small liposomes might slow fusion
in such assays.
It is noteworthy to point out that we do not observe any
depletion of fluorescence due to diffusion before the polar-
ization changes start. This means that once the membrane
merger starts, it progresses very rapidly and that any tran-
sient membrane structures like a hemifusion stalk (34) or
a partially dilated proteinaceous fusion pore (35) would be
too short-lived for us to observe. In our previous work, we
found that fast fusion required between three and eight
SNARE complexes, depending on the lipid environment,
and that it was Ca2þ-independent under the same conditions
as used in this work (9,12). Polarized TIRFM as described
here will expand the versatility of future single-vesicle
fusion experiments most notably when additional molecular
components of the fusion machinery will be included. It will
be interesting to see not only how the fusion kinetics will be
influenced by these additions, but also how membrane
topologies will dynamically change as more physiological
conditions are progressively approached by increasingly
complex reconstitutions.SUPPORTING MATERIAL
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